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Abstract
Sexual selection, differences in reproductive success between individuals, continues beyond acquiring a mating partner and
affects ejaculate size and composition (sperm competition). Sperm and seminal fluid have very different roles in sperm
competition but both components encompass production costs for the male. Theoretical models predict that males should
spend ejaculate components prudently and differently for sperm and seminal fluid but empirical evidence for independent
variation of sperm number and seminal fluid volume is scarce. It is also largely unknown how sperm and seminal fluid
variation affect future mating rate. In bedbugs we developed a protocol to examine the role of seminal fluids in ejaculate
allocation and its effect on future male mating rate. Using age-related changes in sperm and seminal fluid volume we
estimated the lowest capacity at which mating activity started. We then showed that sexually active males allocate 12% of
their sperm and 19% of their seminal fluid volume per mating and predicted that males would be depleted of seminal fluid
but not of sperm. We tested (and confirmed) this prediction empirically. Finally, the slightly faster replenishment of seminal
fluid compared to sperm did not outweigh the faster decrease during mating. Our results suggest that male mating rate can
be constrained by the availability of seminal fluids. Our protocol might be applicable to a range of other organisms. We
discuss the idea that economic considerations in sexual conflict research might benefit from distinguishing between costs
and benefits that are ejaculate dose-dependent and those that are frequency-dependent on the mating rate per se.
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Introduction
Sexual conflict is a potent driver of biological diversity [1–3]
and can arise and be maintained when male and female fitness
maxima for a given trait, or process, are not identical [1,2]. For
example, in insects, high mating rate often increases fitness in
males but decreases fitness in females [3]. However, substantial
ejaculate production costs [4–7] can lead to differential ejaculate
allocation across successive matings because of ejaculate econom-
ics [4] or because of constraints on production [8–11]. There are
several ways in which males allocate ejaculates. Males can allocate
a fixed proportion of the currently available ejaculate to the female
which, in the absence of ejaculate replenishment between matings,
leads to ever smaller ejaculates [8–11] but does not necessarily lead
to a reduction in male mating rate. Alternatively, a male may not
adjust ejaculate volume and partitions the sperm and seminal fluid
reserves into equal portions. Without ejaculate replenishment, this
strategy results in a linear decrease in ejaculate reserves over
successive matings [12], leading to ejaculate depletion, the inability
to mate and a reduction in future mating rate. In the presence of
competition for females, males may tailor their ejaculate in
strategic ways [13].
Most studies examining ejaculate allocation, ejaculate econom-
ics and their effect on future mating rate focus on one component
of the ejaculate, sperm number [8–13]. Whether and how the
availability of the other important component, the seminal fluid,
shapes male mating decisions has received little attention. Recent
ejaculate allocation theory predicts that sperm and seminal fluid
allocation can evolve independently and influence each other in
future matings [14,15]. One model assumes future male mating
rate is not restricted by this allocation, other than by reduced male
survival after high ejaculate investment [14]. The other model
makes the strict assumption that investment in sperm is inversely
related to investment into seminal fluid but does not consider the
effects on mating rate [15]. Experimental evidence on independent
allocation of sperm and seminal fluid is scarce, as is its effect on
mating rate. Humans can show substantial variation in the sperm
to seminal fluid ratio per ejaculate. However, detailed investiga-
tions are restricted to two taxa, three fly and one snail species and
show conflicting results in important details. In Drosophila
melanogaster, five matings in rapid succession lead to a depletion
of seminal fluids but not of sperm [16,17]. In this and another
Drosophila species the male accessory glands (the production site of
seminal fluids) but not the testes, evolved to larger size under
increased mating rate (or sperm competition) [16–19] and the
production of seminal fluid, not sperm was upregulated before an
anticipated high mating rate [20]. These studies suggest an
evolutionary advantage to males providing more seminal fluids but
not more sperm and thereby suggest independent allocation of
sperm and seminal fluid. Whether seminal fluid depletion in
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D. melanogaster affects future mating rate is unclear: While one study
mentioned that males continued to mate when they were depleted
of seminal fluids [17], another study demonstrated that nutrition
affected seminal fluid function in the form of ejaculate defence but
did not affect mating propensity [21]. Both studies suggest seminal
fluid availability plays no role for future mating rate. By contrast,
Bangham et al. [22] reported that male D. melanogaster that mated
at higher rates showed faster recovery of accessory gland size than
males with lower mating rate. While it is not clear whether males
that mated more often had larger glands originally or showed
stronger gland replenishment, this study suggests a correlation
between seminal fluid availability and mating rate. In the stalk-
eyed fly, Cyrtodiopsis dalmanni, Baker et al. [23] reported that the
replenished size of the accessory glands, but not the testes, were
positively correlated to previous mating rates and Rogers et al.
[24] later showed that repeated mating only affected accessory
gland size, not testis size. In hermaphroditic pond snails Lymnaea
stagnalis, copulation partially depleted the accessory gland but not
the sperm reservoirs and male mating behaviour is generally
triggered by the capacity of the accessory (prostate) gland but not
the sperm reservoirs [25]. By contrast, sperm numbers were
modulated depending on the type of recipient but the amount of
seminal fluid was not [26].
In summary, there is some empirical evidence that sperm and
seminal fluid can be varied independently but it is not clear
whether such variation might feed back to mating rate. As these
relationships are central to models of ejaculate allocation, sperm
competition and sexual conflict we tested the predictions that a)
available sperm and seminal fluid volume can be allocated
independently of one another and b) that the limiting component
restricts mating rate.
Methods
Study animals
Common bedbugs Cimex lectularius are well suited to study
independent allocation of sperm and seminal fluid and their
effect on future mating rate: males have discrete separated and
easily measurable storage structures for sperm and seminal fluid
([27], Figure 1). Males have previously been demonstrated to
allocate total ejaculate volume economically [28]. It has also
been shown that males control the mating rate [29,30] allowing
experimental matings to be carried out without female behaviour
limiting the time between ejaculates and therefore reducing the
influence of ejaculate replenishment. In bedbugs, mating per se
causes female costs [31–33] not ejaculate components (which are
beneficial: [34]).
Individuals of an established laboratory population were
cultured, and virgin individuals generated, as previously described
[29,33]. All individuals were fed every seven days unless otherwise
stated.
General protocol
We designed a stepwise protocol, assuming that any currently
available ejaculate volume to a male, V, consists of a minimum
ejaculate volume below which mating is impossible, V0, additional
ejaculate volume is portioned (Vm), across the number of future
matings m:
Figure 1. Anatomy of the reproductive tract of the common bedbug Cimex lectularius. Photograph showing the reproductive organ of a
male (a) 3 hrs after eclosion, (b) 1 month after eclosion and (c) after four successive 60 s - matings one month after eclosion and sexual isolation.
Fig. 1b from ref. [27].
doi:10.1371/journal.pone.0022082.g001
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V0~m|Vm ð1Þ
We measured the age-related increase in mating rate and
ejaculate volume and determined the smallest sperm volume VS
and seminal fluid volume VF at which males mated (VS0 and VF0).
We then used Vm for sperm (VSm) and seminal fluid (VFm) to
predict whether mmax results in V0 for sperm (VS0) or for seminal
fluid (VF0) and empirically tested it. In the last step we tested
whether mating-exhausted individuals replenished VS and VF at
similar rates.
Measuring mating rate
All matings were staged in a plastic petri dish (3 cm diameter)
lined with filter paper and the lid closed. Each male was
successively presented with one freshly fed female that was either
virgin or had not mated for one day. Both types of females are void
of sperm in the female copulatory organ, the spermalege [35] and
it has been demonstrated that males transfer sperm at full rate to
such females, rather than at the reduced rate seen during
copulations with recently mated females [28]. In order to reduce
variation in sperm volume because of copulation duration and to
increase comparability to other studies (e.g. [30,33,34], all
copulations were interrupted after 60 seconds (so-called ‘standard
matings’ (SM)). Overall ejaculate transfer was linearly related to
copulation duration [28].
We measured mating rate as the number of SMs a focal male
performed in one hour. We choose one hour because in several
hundred previous observations mating activity declines substan-
tially thereafter (K. Reinhardt and R. Naylor, unpubl. observa-
tions). We assumed that there is little replenishment of sperm or
seminal fluid over this period (see also Results).
Measuring ejaculate volume
The male genital tract consists of a pair of testes from which
pairs of widened vasa deferentia, so called sperm vesicles, descend
towards the ejaculatory pump. Close to each of the sperm vesicles
is a reservoir filled with the clear seminal fluid from the accessory
glands (mesadenial gland sensu [35]), which also lead into the
ejaculatory pump (see Figure 1). We measured the size of the
sperm vesicle and the seminal fluid reservoirs (see Figure 1) and
estimated sperm density (in pilot studies we found increasing
sperm accumulation leads to more dense sperm packing). The
reproductive tract (without testes) was dissected out and placed in
phosphate-buffered saline (PBS) under a cover slip bridge
preparation. A picture of the entire tract was obtained at defined
magnification and light regime (see below) using the software
package OPTIMAS 6.0 attached to a digital camera (Pulnix).
The area of the sperm vesicles as well as the accessory gland
reservoir was traced from these images using OPTIMAS 6.0 and
calculated using size-calibrated scale bars. The cover slip bridge
was constant (2 cover slips ,0.3 mm) such that area was linearly
proportional to volume.
We estimated sperm density by using the average grey value of
the traced sperm vesicle area. This grey value is the weighted
average luminance value (WAL) of a specified area. It varies
between 0 (black) and 255 (white). All measurements were carried
out in a light-proof box with a constant intensity and position of
artificial light. The latter was calibrated to give the same grey value
prior to taking measurements (Note, it was not the black
background in Figure 1). The mean WAL of a traced area (the
mean grey value) was taken as a surrogate for sperm density. The
composite measurement sperm density6sperm vesicle size was
regarded as VS.
Two measurements each of 40 samples showed the size of the
sperm vesicle, the seminal reservoirs and the grey value very
repeatable: Analyses of variance (two-way mixed effect models)
indicated that between 0.5% and 2.8% of the measurement
variance was within a single sample (all non-significant). The
intraclass correlation coefficients (repeatabilities) ranged from
0.79,r,0.94, all P,0.001.
All observations were carried out using SMs. This can pose a
problem if one ejaculate component were delivered at a lower rate
than the other at the beginning of the copulation, its volume would
be artificially truncated by our 60 s restriction. We examined this
issue by comparing the slopes of the relationship between VS and
VF. Using a generalized linear model (glm) procedure in S-PLUS
we asked whether the type of mating (SM or ad libitum taken from
the populations described below) explained a significant part of the
relationship between VS and VF. Square-root transformation of VS
prevented overdispersion of the data.
Measuring V0: Reproductive parameters in relation to
male age
Freshly eclosed (60.5 days), individually reared males were
assigned to age cohorts. From these males, we identified i) age-
related changes in VS and VF and ii) the age of first mating. The
VS and VF at which males start to mate provides measures of VS0
and VF0. Mating rate, VS and VF were measured as described
above. Because sampling of VS and VF is destructive we used a
different sample of males kept under identical conditions in the
environmental chambers. Recently eclosed individuals (0 to
3 hours) were used to generate data for adult age of 0 days.
Measuring VM: Decline of ejaculate volume over mating
rate
We measured the depletion of ejaculate components by cross-
sectional comparisons of the volume of the sperm vesicle, the
seminal reservoirs and the sperm density after successive matings.
We used 20-day old virgin males and randomly allocated them to
4 treatment levels of 1, 2, 3 or 4 matings. These trials were carried
out as individual male-female pairings in the mating arenas
described above.
Verifying the decline in ejaculate volume in small
populations
Observations of dispersing bedbugs suggest that infestations are
likely to be founded by single, or few, individuals [36] resulting in
inbred populations. Given that mating behaviour and sperm
allocation can change dramatically under such conditions (e.g.
[37–39]) we tested whether ejaculate depletion can be observed
under conditions that more closely resembled inbred infestations.
We used sixteen iso-female lines that had been fed weekly but
otherwise were left undisturbed to reproduce continuously for six
months in 60 ml plastic containers, resulting in high densities (10 to
32 adults) as observed in heavily infested houses [40] and sex ratios
between 41 to 92% females, also similar to natural conditions [40].
Earlier research has shown that fed females cannot avoid male
copulatory attempts [30] and that the mating rate in a population
will increase after feeding [29,36]. We therefore fed all sixteen
populations and compared VS and VF of a randomly drawn male
before feeding with that of a randomly drawn male 24 hours after
feeding. The period of 24 h should result in almost maximum
mating rate [29]. Note that this trial was carried out to test whether
notable declines in VS and VF can be observed. These trials cannot
Seminal Fluid Depletion
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be used to calculate Vm in the ‘field’ because we were unable to
restrict mating durations to that of SMs.
Does mmax * Vm result in VS0 or VF0?
Twenty-nine males were isolated from a large stock population
and left for 24 h. Individual males were then successively provided
with freshly fed virgin females in a mating arena and allowed one
SM with each. The number of SMs was recorded until the male
made no mating attempt for 60 minutes. These males were either
allocated to study ejaculate replenishment (see below), or
immediately dissected in order to measure VS and VF.
Ejaculate replenishment
Males that had refused to mate (see above) were left in isolation
for 1, 2, 3, 4, 7 and 10 days. VS and VF were then measured.
Results
V0: Reproductive parameters in relation to male age
Mating rate increased from day 0 to day 3 levelling off around
day 15 at a mean of 3.1 SMs per hour (range 1 to 6) (Figure 2a,
F = 43.40, df = 2,94 p,0.0001). Similar increases was observed in
VS (Figure 2d, F= 50.12, df = 2,65 p,0.0001) and VF (Figure 2e,
F = 74.72, df = 2,65 p,0.0001), as well as in sperm vesicle size
(Figure 2b, F= 107.42, df = 2,65 p,0.0001), and sperm density
(Figure 2c, F= 61.59, df = 2,65 p,0.0001). Mean male mating
rate showed the highest variability of the five parameters
(Figure 2a). Mean male mating rate was positively correlated to
the VS (r = 0.775, p = 0.024, n= 8) [as well as its components,
sperm vesicle size (r = 0.77) and sperm density (r = 0.86)], but had
the closest correlation with VF (r = 0.91, p = 0.002). The smallest
average volume at which males started to mate was at day 2, when
VS= 63 units and VF= 0.131 mm
2, respectively.
Vm: Decline of ejaculate volume over mating rate
Sperm vesicle size and sperm density decreased in a different
way over successive matings (Figure 3a): Sperm density showed the
largest decrease at the first mating, while sperm volume showed
the largest decrease from the third mating. Their composite
measure, VS, and VF showed a more even decline, amounting to a
male mean of VSm= 19.78 units and VFm= 0.0736 units
(Figure 3b,c), or 12.03% of the available VS and 18.7% of the
available VF. Assuming a decline at these rates, VS0 would be
reached after 7.25 matings, VF0 after 4.48 matings. Therefore,
during SMs VF decreases more rapidly than VS.
Mating type did not explain a significant part of the relationship
between VS and VF (Figure 4) (slope mating type: 0.025360.021
(s.e.), t = 1.232, df = 50 p=0.888). We, therefore, conclude that
SMs and ad libitum matings do not differ in the rate sperm and
seminal fluid are delivered.
Ejaculate decline in small populations
On average, VS decreased by 75.52625.15 (s.e.)
(229.1612.2%) (tpaired = 3.003, df = 1,15, p = 0.009), VF by
0.085 mm260.038 (s.e.) (tpaired = 2.24, df = 1,12, P= 0.045)
(221.8614.2%). None of the males with access to a variable
number of freshly fed females were sperm or seminal fluid
depleted. Their mean VS (85.6769.8 (s.e.)) and VF, (0.1760.02
(s.e.)) would allow for a mean of 3.23 or 1.4 future matings,
respectively. Neither VS (r: 20.025) nor VF (r =20.16) were
correlated to sex ratio (both p.0.5). We conclude that measurable
declines in VS and VF take place in small inbred populations.
These declines exceed 1 SM but despite sufficient time for further
matings, males did not deplete their VS and VF.
Does mmax * Vm result in VS0 or VF0?
Randomly drawn stock males mated one to five times (overall
mean of 3.186s.d. 1.28) when exposed to females. The variation
between males that stopped mating was particularly small, and
independent of the number or previous matings (empty circles in
Figure 3), in VF (Figure 3c) and to a lesser degree for sperm vesicle
size (Figure 3a), VS (Figure 3b) and sperm density (Figure 3a). The
observed mean volumes (VS= 63, VF= 0.089) would allow for a
further 2.24 and 0.32 matings respectively. Examining those males
in more detail revealed that in three males VF at refusal was even
lower than V0 observed at eclosion, but no male had a VS lower
than at eclosion. When we, therefore, relaxed the criterion for V0
and considered V0* the mean between the smallest volume that
allowed a male one future mating (i.e. Vm(max21)) and the total
minimum at eclosion (VS= 30.5, VF= 0.1017), the VS of four of 29
males (14%) but VF of 17 of 27 males (63%) was below V0*
(Fisher’s exact test, p = 0.0002). In addition, all individuals whose
VS=VS0* also showed VF=VF0* suggesting that in no case did VS
depletion alone cause mating refusal.
Ejaculate replenishment
The reproductive organs of non-maters replenished relatively
slowly (Figure 3b,c). After ten days in sexual isolation none of the
ejaculate parameters, other than sperm density, had reached the
level observed prior to mating (Figure 3b,c). For example, after 10
days VS had reached 129.93 units (Figure 3b), allowing for an
average of 5.51 possible future matings. At the same time, VF had
reached 0.282 units (Figure 3c), corresponding to 2.95 possible
future matings. This comparison suggests that VF replenishment,
although slightly faster than VS replenishment, does not outweigh
the more rapid decrease during successive matings.
Discussion
The seminal fluid reserves of bedbug males declined faster than
sperm reserves and we empirically confirmed that males stopped
mating when they were depleted of seminal fluid but not sperm. The
faster decline in seminal fluid reserves compared to sperm was not
outweighed by faster replenishment of sperm reserves. Taken
together, these results suggest that bedbug male mating rate is limited
by the availability of seminal fluid. Our results have consequences for
studies of postcopulatory sexual selection, sexual conflict, inbreeding
and research into age-dependent reproductive decisions.
Postcopulatory sexual selection
Seminal fluids have become a focus of research into postcop-
ulatory sexual selection because of the diversity of their
components [27,41,42] and because of the postcopulatory benefits
they provide to the male, female or both [15,42–44]. Although
male postcopulatory benefits have been well described there seem
to have been few attempts to link them to precopulatory processes
such as the ability to re-mate. Here we have shown that the low
availability of seminal fluids, not sperm, constrains male mating
rate. We found that low seminal fluid availability resulted in low
mating rate in a number of contexts. First, over male age, mating
rate was closer correlated to the volume of seminal fluid reserves
than sperm reserves. Second, sexually active males performing
standard matings were depleted in seminal fluids before they were
depleted in sperm. Third, in inbred family groups with the
opportunity to mate for ad libitum durations, it was male seminal
fluid reserves that constrained future mating rate. It is possible that
in these contexts mating rate restriction is important in other
organisms, too. The protocol presented here might be a useful tool
to examine this possibility.
Seminal Fluid Depletion
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Recent theoretical models [14,15] suggest that differential
allocation of sperm and seminal fluid is particularly advantageous
with respect to mating order. If the previous seminal fluid, but not
sperm, expenditure of a male restricts his future re-mating ability,
one may expect stronger selection on internal signals of accessory
gland than sperm reservoir capacity. Indeed, in a snail the size of
the accessory gland (prostate gland), not the size of the sperm
reservoirs triggers male mating rate via a neuronal response [25].
The generality of these models remain to be tested. For example,
in the presence of rival sperm bedbug males reduce, not increase,
the transfer of ejaculate volume [28]. While the latter study
suggests that the sperm component may be decreased, rather than
increased, future studies should examine the change in sperm to
seminal fluid ratio with respect to mating order. Our protocol may
also be useful for that task.
Estimating male harm in sexual conflict
The relatively well-known aspects of conflict and cooperation
between the sexes in the bedbug means this species is a good model
for this aspect of sexual selection [27–36,44–46]. In the bedbug, the
Figure 2. Age-related reproductive parameters of the common bedbug Cimex lectularius. Mating rate (a), size of sperm vesicles (b), sperm
density (c), and the volume of sperm (VS) (d) and seminal fluid (VF) (e) increases with male age in the common bedbug. VS (d) is a composite measure
of sperm vesicle size and sperm density. Circles represent means, error bars = 1 standard error. Sample sizes are given near the mean values for each
age group. Samples sizes in c–e are identical. Equations in graphs represent regression parameters from curve fitting procedures.
doi:10.1371/journal.pone.0022082.g002
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male-induced mating rate is currently calculated as approximately
20-fold exaggerated because one mating every four weeks allow
maximal fecundity but males mate five times per week [29]. Our
results show that costs based on one-week long observations may not
necessarily be projected to the female’s entire lifespan: after 5
matings, ejaculate supplies were not replenished within a week and
after ten days had only recovered to a point of allowing
approximately 1.5 matings. Consequently, if males mate 5 times
per week+1.5 times during the following 10 days (i.e. 6.5 matings/
17 days= 0.38 matings per day), this is only slightly more than half
the current estimate of 5 matings per 7 days (0.71 per day). We,
therefore suggest that the current estimate of a 20-fold male mating
exaggeration over the female optimum should be reduced to an
average of 11-fold. This estimate should be followed up by studies
refining the period that once-mated females can lay eggs for, which
may exceed four weeks (summarized in [36]).
When considering the effect of mating rate on female fitness, it
might be useful to consider whether female costs of mating are
caused by the ejaculate components in a dose-dependent manner.
Mating rate per se will be important when female costs increase with
the number of matings, such as copulatory damage [47–49] or
infection with STDs [50–53]. By contrast, some costs may be dose-
dependent such as the cumulative toxicity of male accessory gland
fluid [43] or costs of sperm storage [53,54] that depend on total
ejaculate volume transferred, or copulation duration, not on the
number of matings per se. In the bedbug, ejaculate volume has a
Figure 3. Ejaculate allocation over successive matings in the common bedbug, Cimex lectularius. The data points show cross sections of
males after a number of matings in a) the size of sperm vesicles and sperm density, b) sperm volume (VS) and c) seminal fluid volume (VF). Black circles
show sexually isolated males after a number of prescribed matings. The solid lines show linear least-square curve fittings. White circles show males
drawn at random from a population that were examined after they stopped mating. Stippled lines show the value of the respective parameter at
eclosion, i.e. a value below which mating is impossible. Grey circles show the replenishment of VS and VF of ejaculate depleted males in relation to
time since sexual isolation. Circles represent means, error bars 1 standard error. Sample sizes are stated near the mean values. Sample size in Figure 3a
and b are identical.
doi:10.1371/journal.pone.0022082.g003
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positive effect on females [34] but mating has a negative one [32,33].
Our study adds to that picture by showing that ejaculate substances
with a beneficial effect on females are in short supply in the male but
that this short supply also reduces the projected male mating rate.
Mating rate under inbreeding
We have shown that male mating activity can also be
demonstrated in small semi-natural populations by a decrease in
VS and VF after mating opportunity. However, although males
were neither time constrained nor limited in mating partners,
males drawn at random from our populations were not sperm or
seminal fluid depleted. This was in contrast to the situation when a
considerable number of males were seminal fluid depleted when
individually exposed to females. Presently, we have no robust
explanation for this difference. It is possible that males avoid
mating with familiar [30] or related females. In the latter case the
evolution of reduced harm, but not of reduced female counter-
adaptations to male harm is predicted [55]. This may happen by
males either reducing their overall mating rate or, because the net
ejaculate effect is positive for females [34], by transferring more
ejaculate per mating. The former possibility seems more likely for
two reasons. i) The harm to the female is dependent on the
frequency of mating, ii) the reduction in VS and VF after male
mating opportunity in the small populations was smaller than
expected, not larger.
Male age, ejaculate accumulation and sperm age
Unlike some insect species where males eclose with a fixed
ejaculate volume that is tailored across several matings (Lepidop-
tera: [56]; Hymenoptera: [57]), we show here that bedbug males
do not eclose with sperm reserves. From eclosion onwards, sperm
and seminal fluid volumes accumulate in virgin individuals in a
logarithmic way indicating their production rate increases linearly
every day until ca. 20 days. Beyond 20 days, ejaculate volume
increased slightly or stayed the same. It is not clear whether
ejaculate volume ceases to increase because of feedback mecha-
nism(s) related to the capacity of the organ or whether ejaculation
production is constant beyond a certain age. The fact that
ejaculate replenishment following repeated matings of 20 day old
males showed a much slower increase in ejaculate production
supports to the latter notion. The relatively sudden changes in
ejaculate volume before day 1 and after day 7 of replenishment
(see Figure 3) may be related to a release of seminal fluid reserves
from the accessory (mesadenial) glands (cf. Figure 1) and a feeding
event, respectively.
The ejaculate volume of males did not decrease beyond a
certain age, until we finished the observations at day 60. This
suggests that in the absence of mating opportunities, males do not
resorb unused sperm. If they do not, this suggests that some sperm
cohorts are as old as the male [58]. If males lack the ability to
resorb sperm, they may be constrained by the detrimental effects
of ageing in such accumulated sperm cells [58,59]. At day 50–60
of sexual isolation, male bedbugs spontaneously start to inseminate
other males if no females are present [45,46]. Among other
explanations, this behaviour has been proposed to serve as a male
strategy to get rid of accumulated aged sperm [58]. Provided the
accumulated seminal fluid does not deteriorate, our protocol could
be used to test the idea that males only transfer sperm but not
seminal fluid to other males.
Future research
Given that seminal fluids are a mixture of a large number of
substances [27,41,42], future studies may be directed to study
changes of individual components of the seminal fluid within and
across matings. For example, in Drosophila melanogaster the
transferred volume of two specific seminal proteins declined
differently across successive matings [60]. The depletion, and
therefore possibly also the strategic allocation, of specific seminal
fluid components may also be influenced by the variation between
males. For example, more than 100 substances were found in the
seminal fluid of the bedbug [27]. One of them, the immune active
substance lysozyme, showed substantial concentration differences
between males [44].
We propose that the function of individual components of the
seminal fluid may also inform us about their relationship to future
mating rate. If the male benefits of seminal fluid transfer accrue in a
dose-dependent manner such as fecundity stimulation [15,42],
selection on future re-mating is likely to be weaker because dose-
dependent benefits could be achieved by prolonged seminal fluid
transfer to the same female. Seminal fluid benefits to males that accrue
in relation to the frequency of mating, such as aspects of sperm
activation [35], or antimicrobial [44] and antioxidant [27] protection
of sperm may be more likely to be economised across matings.
Finally, one future area of research may concern a beneficial
role of sperm accumulation in the male. In most animals, most
sperm in an ejaculate do not fertilise the egg. However the non-
fertilising sperm might support the function of fertilising sperm,
such as demonstrated for sperm heteromorphic species [61] or via
positive density-dependent sperm survival or reduced sperm
ageing [58]. If non-fertilising sperm - the majority of sperm in
an ejaculate - have a protective function, they would occupy one
functional role of seminal fluid. This may affect theoretical
predictions about sperm and seminal fluid allocation [14].
In conclusion we provide empirical evidence for the notion [14]
that sperm and non-sperm allocation can evolve independently.
Their respective effect on future mating rate should also be
considered in models of ejaculate economics [4].
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Figure 4. Relationship between interrupted and non-interrupt-
ed matings in the common bedbug Cimex lectularius. Correlation
between the volume of sperm VS and seminal fluid VF stored by males
after mating ad libitum and after mating for 60 s (the standard duration
used in this paper, SM). The fact that SM did not have a smaller slope
than ad libitum matings shows that SM did not result in truncation of
seminal fluids.
doi:10.1371/journal.pone.0022082.g004
Seminal Fluid Depletion
PLoS ONE | www.plosone.org 7 July 2011 | Volume 6 | Issue 7 | e22082
References
1. Arnqvist G, Rowe LR (2005) Sexual conflict Princeton University Press.
2. Parker GA (2006) Sexual conflict over mating and fertilization: an overview. Phil
Trans R Soc B 361: 235–259.
3. Arnqvist G, Nilsson T (2000) The evolution of polyandry: multiple mating and
female fitness in insects. Anim Behav 60: 145–164.
4. Parker GA, Pizzari T (2010) Sperm competition and ejaculate economics. Biol
Rev 85: 897–934.
5. Dewsbury DA (1982) Ejaculate cost and male choice. Am Nat 119: 601–610.
6. van Voorhies WA (1992) Production of sperm reduces nematode lifespan.
Nature 360: 456–458.
7. Bonduriansky R (2001) The evolution of male mate choice in insects: a synthesis
of ideas and evidence. Biol Rev 76: 305–339.
8. Pitnick S, Markow TA (1994) Male gametic strategies: sperm size, testes size, and
the allocation of ejaculate among successive mates by the sperm-limited fly
Drosophila pachea and its relatives. Am Nat 143: 785–819.
9. Savalli UM, Fox CW (1999) The effect of male mating history on paternal
investment, fecundity and female remating in the seed beetle, Callosobruchus
maculatus (Coleoptera: Bruchidae). Funct Ecol 13: 169–177.
10. Reinhold K, Kurtz J, Engqvist L (2001) Cryptic male choice: sperm allocation
strategies when female quality varies. J Evol Biol 15: 201–209.
11. Reinhardt K (2007) Ejaculate size varies with remating interval in the
grasshopper Chorthippus parallelus erythropus (Caelifera: Acrididae). Eur J Entomol
104: 725–729.
12. Damiens D, Boivin G (2005) Male reproductive strategy in Trichogramma
evanescens: sperm production and allocation to females. Physiol Entomol 30:
241–247.
13. Wedell N, Gage MJG, Parker GA (2002) Sperm competition, male prudence
and sperm-limited females. Trends Ecol Evol 17: 313–320.
14. Cameron E, Day T, Rowe L (2007) Sperm competition and the evolution of
ejaculate composition. Am Nat 169: E158–E172.
15. Alonzo SH, Pizzari T (2010) Male fecundity stimulation: conflict and
cooperation within and between the sexes: model analyses and coevolutionary
dynamics . Am Nat 175: 174–185.
16. Linklater JR, Wertheim B, Wigby S, Chapman T (2007) Ejaculate depletion
patterns evolve in response to experimental manipulation of sex ratio in
Drosophila melanogaster. Evolution 61: 2027–2034.
17. Lefevre G, Jonsson UB (1962) Sperm transfer, storage, displacement, and
utilization in Drosophila melanogaster. Genetics 47: 1719–1736.
18. Crudgington HS, Fellows S, Badcock NS, Snook RR (2009) Experimental
manipulation of sexual selection promotes greater mating capacity but does not
alter sperm investment. Evolution 63: 926–938.
19. Wigby S, Sirot LK, Linklater JR, Buehner N, Calboli FCF, et al. (2009) Seminal
fluid protein allocation and male reproductive success. Curr Biol 19: 751–757.
20. Fedorka KM, Winterhalter WE, Ware B (2011) Perceived sperm competition
intensity influences seminal fluid protein production prior to courtship and
mating. Evolution 65: 584–590.
21. Fricke C, Bretman A, Chapman T (2008) Adult male nutrition and reproductive
success in Drosophila melanogaster. Evolution 62: 3170–3177.
22. Bangham J, Chapman T, Partridge L (2002) Effects of body size, accessory gland
and testis size on pre- and postcopulatory success in Drosophila melanogaster. Anim
Behav 64: 915–921.
23. Baker RH, Denniff M, Futerman P, Fowler K, Pomiankowski A, et al. (2003)
Accessory gland size influences time to sexual maturity and mating frequency in
the stalk-eyed fly, Cyrtodiopsis dalmanni. Behav Ecol 14: 607–611.
24. Rogers DW, Chapman T, Fowler K, Pomiankowski A (2005) Mating-induced
reduction in accessory reproductive organ size in the stalk-eyed fly Cyrtodiopsis
dalmanni. BMC Evol Biol 5: 37.
25. De Boer PACM, Jansen RF, Koene JM, ter Maat A (1997) Nervous control of
male sexual drive in the hermaphroditic snail Lymnaea stagnalis. J Exp Biol 200:
941–951.
26. Hoffer JNA, Ellers J, Koene JM (2010) Costs of receipt and donation of
ejaculates in a simultaneous hermaphrodite. BMC Evol Biol 10: 393.
27. Reinhardt K, Wong CH, Georgiou AS (2009) Seminal fluid proteins in the bed
bug, Cimex lectularius, detected using two-dimensional gel electrophoresis and
mass spectrometry. Parasitology 136: 283–292.
28. Siva-Jothy MT, Stutt A (2003) A matter of taste: direct detection of mating status
in the bed bug. Proc R Soc B 270: 649–652.
29. Stutt AD, Siva-Jothy MT (2001) Traumatic insemination and sexual conflict in
the bed bug Cimex lectularius. Proc Nat Acad Sci USA 98: 5683–5687.
30. Reinhardt K, Naylor R, Siva-Jothy MT (2009) Situation exploitation: higher
male mating success when female resistance is reduced by feeding. Evolution 63:
29–39.
31. Reinhardt K, Naylor R, Siva-Jothy MT (2005) Potential sexual transmission of
environmental microbes in a traumatically inseminating insect. Ecol Entomol
30: 607–611.
32. Morrow EH, Arnqvist G (2003) Costly traumatic insemination and a female
counter-adaptation in bed bugs. Proc R Soc B 270: 2377–2381.
33. Reinhardt K, Naylor R, Siva-Jothy MT (2003) Reducing a cost of traumatic
insemination: female bedbugs evolve a unique organ. Proc R Soc B 270:
2371–2375.
34. Reinhardt K, Naylor R, Siva-Jothy MT (2009) Ejaculate components delay
reproductive senescence while elevating female reproductive rate in an insect.
Proc Nat Acad Sci USA 106: 21743–21747.
35. Usinger R (1966) Monograph of Cimicidae. American Entomological Society,
Philadelphia.
36. Reinhardt K, Siva-Jothy MT (2007) Biology of bed bugs (Cimicidae). A Rev
Entomol 52: 351–374.
37. Pusey A, Wolf M (1996) Inbreeding avoidance in animals. Trends Ecol Evol 11:
201–206.
38. Welke K, Schneider JM (2009) Inbreeding avoidance through cryptic female
choice in the cannibalistic orb-web spider Argiope lobata. Behav Ecol 20:
1056–1062.
39. Ala-Honkola O, Tuominen L, Lindstrom K (2010) Inbreeding avoidance in a
poeciliid fish (Heterandria formosa). Behav Ecol Sociobiol 64: 1403–1414.
40. Reinhardt K, Isaac D, Naylor R (2010) Estimating the feeding rate of the
bedbug Cimex lectularius in an infested room: an inexpensive method and a case
study. Med Vet Entomol 24: 46–54.
41. Poiani A (2006) Complexity of seminal fluid: a review. Behav Ecol Sociobiol 60:
289–310.
42. Avila FW, Sirot LK, Brooke A, LaFlamme C, Rubinstein D, et al. (2011) Insect
seminal fluid proteins. A Rev Entomol 56: 21–40.
43. Chapman T, Hutchings J, Partridge L (1993) No reduction in the cost of mating
for Drosophila melanogaster females mating with spermless males. Proc R Soc B
253: 211–217.
44. Otti O, Naylor R, Siva-Jothy MT, Reinhardt K (2009) Bacteriolytic activity in
the ejaculate of an insect. Am Nat 174: 292–295.
45. Rao HV (1072) Abnormal sexual behavior of isolated males of Cimex lectularius L.
Ind J exp Biol 10: 295–296.
46. Ryne C (2009) Homosexual interactions in bed bugs: alarm pheromones as male
recognition signals. Anim Behav 78: 1471–1475.
47. Crudgington HS, Siva-Jothy MT (2000) Genital damage, kicking and early
death. Nature 407: 856–857.
48. Reinhardt K, Harney E, Naylor R, Gorb S, Siva-Jothy MT (2007) Female-
limited genitalia polymorphism in a traumatically inseminating insect. Am Nat
170: 931–935.
49. Kamimura Y (2007) Twin intromittent organs of Drosophila for traumatic
insemination. Biol Lett 3: 401–404.
50. Lockhart AB, Thrall PH, Antonovics J (1996) Sexually transmitted diseases in
animals: ecological and evolutionary implications. Biol Rev 71: 415–471.
51. Knell RJ, Webberley KM (2004) Sexually transmitted diseases of insects:
distribution, evolution, ecology and host behaviour. Biol Rev 79: 557–581.
52. Reinhardt K, Naylor R, Siva-Jothy MT (2005) Potential sexual transmission of
environmental microbes in a traumatically inseminating insect. Ecol Entomol
30: 607–611.
53. Roth S, Reinhardt K (2003) Facultative sperm storage in response to nutritional
status in a female insect. Proc R Soc B 270: S54–S56.
54. Baer B, Armitage SAO, Boomsma JJ (2007) Sperm storage induces an immunity
cost in ants. Nature 441: 872–875.
55. Rankin DJ (2011) Kin selection and the evolution of sexual conflict. J Evol Biol
24: 71–81.
56. Gage MJG (1995) Continuous variation in reproductive strategy as an adaptive
response to population density in the moth Plodia interpunctella. Proc R Soc B 261:
25–30.
57. Damiens D, Boivin G (2005) Male reproductive strategy in Trichogramma
evanescens: sperm production and allocation to females. Physiol Entomol 30:
241–247.
58. Reinhardt K (2007) Evolutionary consequences of sperm cell aging. Q Rev Biol
82: 375–393.
59. Pizzari T, Dean R, Pacey A, Moore H, Bonsall MB (2008) The evolutionary
ecology of the pre- and postmeiotic sperm senescence. Trends Ecol Evol 23:
131–140.
60. Sirot LK, Buehner NA, Fiumera AC, Wolfner MF (2009) Seminal fluid protein
depletion and replenishment in the fruit fly, Drosophila melanogaster: an ELISA-
based method for tracking individual ejaculates. Behav Ecol Sociobiol 63:
1505–1513.
61. Holman L, Snook RR (2008) A sterile sperm caste protects brother fertile sperm
from female-mediated death in Drosophila pseudoobscura. Curr Biol 18: 292–296.
Seminal Fluid Depletion
PLoS ONE | www.plosone.org 8 July 2011 | Volume 6 | Issue 7 | e22082
